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Abstract  20 
 21 
Nuclear pore complexes (NPCs) lined with intrinsically disordered FG-domains act as 22 
selective gatekeepers for molecular transport between the nucleus and the cytoplasm in 23 
eukaryotic cells. The underlying physical mechanism of the intriguing selectivity is still 24 
under debate. Here, we probe the transport of ions and transport receptors through 25 
biomimetic NPCs consisting of Nsp1 domains attached to the inner surface of solid-state 26 
nanopores. We examine both wildtype FG-domains and hydrophilic SG-mutants. FG-27 
nanopores showed a clear selectivity as transport receptors can translocate across the 28 
pore whereas other proteins cannot. SG mutant pores lack such selectivity. To unravel 29 
this striking difference, we present coarse-grained molecular dynamics simulations that 30 
reveal that FG-pores exhibit a high-density, nonuniform protein distribution, in contrast 31 
to a uniform and significantly less-dense protein distribution in the SG-mutant. We 32 
conclude that the sequence-dependent density distribution of disordered proteins inside 33 
the NPC plays a key role for its conductivity and selective permeability. 34 
 35 
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The nuclear envelope (NE) separates the nucleus of eukaryotic cells from the cytosol. NE-49 
embedded nuclear pore complexes (NPCs) allow for the exchange of molecules such as 50 
RNA, metabolites, and proteins between the two compartments. NPCs are giant structures 51 
with a molecular mass of around 100 MDa, composed of about 30 different types of 52 
proteins named nucleoporins (Nups) (Hurt and Beck, 2015; Hoelz, Glavy and Beck, 2016; 53 
Schwartz, 2016). NPCs are equipped with a barrier that is permeable for molecules of up 54 
to 30 kDa or ~5 nm in diameter, but blocks the passage of larger ones (Popken et al., 2015; 55 
Schmidt and Görlich, 2016; Timney et al., 2016). Shuttling nuclear transport receptors 56 
(NTRs) can overcome this size-limit and traverse the NPC, carrying along cargoes with 57 
diameters of up to 40 nm (Pante and Kann, 2002; Lowe et al., 2010), thus endowing the 58 
pore with a selective permeability barrier. Nups that contain phenylalanine-glycine (FG) 59 
repeats (FG-Nups) (Hurt, 1988) are crucial for this remarkable selectivity, suggesting that 60 
the NTR transport is mediated by hydrophobic interactions. The FG-repeat domains are 61 
intrinsically disordered, bind NTRs during facilitated translocation (Iovine, Watkins and 62 
Wente, 1995; Bayliss et al., 1999), and form the NPC permeability barrier (Frey and 63 
Görlich, 2007; Patel et al., 2007). The question of how FG domains create a permeability 64 
barrier and at the same time greatly favor the passage of NTRs is one of the central 65 
questions in molecular cell biology. 66 
 67 
Many different models have been proposed to explain the selective transport of NTRs 68 
through NPCs, including the virtual-gate model (Rout et al., 2000, 2003), the reversible-69 
collapse (or polymer-brush) model (Lim et al., 2007), the reduction-of-dimensionality 70 
(Peters, 2005) and Ǯmolecular velcroǯ (Schleicher et al., 2014) model, the hydrogel model 71 
(Ribbeck and Görlich, 2001; Frey and Görlich, 2007), the Kap-centric model (Lim and 72 
Kapinos, 2015; Kapinos et al., 2017), and the forest model (Yamada et al., 2010). However, 73 
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no consensus has been reached on one prevailing model.  74 
 75 
A typical NPC comprises about 10-12 different FG Nups (in copy numbers of 8 to 32), 76 
yielding about 5000 FG motifs per NPC. One of the most abundant and best-studied FG 77 
Nups is S. cerevisiae Nsp1 (Hurt, 1988). Here, we specifically address the importance of 78 
FG domains for NPCs by comparing the transport properties of Nsp1-coated biomimetic 79 
NPCs with analogs that employ an Nsp1 mutant in which the hydrophobic amino acids F, 80 ), L and V are replaced by hydrophilic serines ȋSȌ, thus creating an ǮSGǯ Nspͳ variant. To 81 
realize this, we employ an approach that combines biophysics experiments and coarse-82 
grained molecular dynamics (MD) simulations. For the experiments, we utilize the 83 
approach of biomimetic NPCs (Caspi et al., 2008; Jovanovic-Talisman et al., 2009) based 84 
on the solid-state-nanopore platform (Kowalczyk, Kapinos, et al., 2011). Solid-state 85 
nanopores, basically small holes in a silicon nitride membrane, are single-molecule 86 
sensors based on ion-current readout. As a robust, modular, and label-free technique 87 
(Dekker, 2007), nanopores provide a powerful platform to study NPCs in a bottom-up 88 
approach. Using these nanopore-based biomimetic NPCs, we here investigate the ion 89 
transport through such pores at various diameters as well as compare the selectivity of 90 
NPCs with Nsp1-FG domains with those made of the Nsp1-SG mutant.  91 
 92 
Important insight in the nanoscopic structure of these biomimetic NPCs is obtained by 93 
complementing the in-vitro measurements with in-silico simulation results of an 94 
experimentally-calibrated one-bead-per-amino-acid MD model (Ghavami, van der 95 
Giessen and Onck, 2013; Ghavami et al., 2014). The key feature of the model is that it is 96 
fine enough to represent the amino-acid sequence of each Nsp1-FG domain and its SG-97 
mutant, but coarse enough to capture the collective behavior of all FG-domains inside the 98 
biomimetic nanopore (that contains over 80,000 amino-acids altogether). The model is 99 
used to establish the nonhomogeneous density distribution inside the pores of different 100 
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diameters and to shed light on the relation between ion conductance and FG-domain 101 
density. Furthermore, using umbrella sampling, the energy barrier of inert cargos and 102 
transport receptors is calculated to address the difference in selectivity and permeability 103 
between nanopores lined with Nsp1 and its mutant. The in-vitro and in-silico data agree 104 
very well and highlight the role of hydrophobic interactions in nuclear transport. Our 105 
findings identify how the sequence-dependent spatial structure of the disordered FG 106 




Conductance of Nup-coated biomimetic NPCs 111 
To study the structural and transport properties of FG domains within biomimetic NPCs, 112 
we used self-assembled-monolayer chemistry to graft the domains to the surface of the 113 
solid-state nanopore, using a C-terminal cysteine for surface attachment. A scheme of the 114 
attachment chemistry is shown in Figure 1-figure supplement 1. To build the minimal 115 
NPC mimic, we first examined the important and well-studied FG domain (Hurt, 1988) 116 
from S. cerevisiae: Nsp11-601 (65.7 kDa) (Figure 1A), which has a highly cohesive N-117 
terminus and a charged non-cohesive C-terminal part (Ader et al., 2010; Yamada et al., 118 
2010).  Additionally, we studied an Nsp1 mutant, in which the hydrophobic amino acids 119 
F, I, L, V have been replaced by the hydrophilic amino acid serine (S). Given the abundance 120 
of F compared to I, L and V, the major change in sequence is the replacement of the FG 121 
and FxFG motifs into SG and SxSG motifs, thus converting the Nsp1 FG-domain into a Nsp1 122 
SG-domain (see Materials and methods for the exact amino-acid sequence of the wildtype 123 
and mutant Nsp1). In earlier studies, it was shown that the mutated Nsp1-SG domain was 124 
unable to form a hydrogel-like structure (Frey, Richter and Görlich, 2006; Patel et al., 125 
2007; Ader et al., 2010).  126 
 127 
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Here, we study how this affects the conductance of the biomimetic NPCs as well as their 128 
selective properties. Once the nanopore was coated with the Nsp1-FG domains (further 129 
called Nsp1 in short) and Nsp1-SG domains (further called Nsp1-S), current (I) versus 130 
voltage (V) curves for each pore were recorded at physiological salt conditions and 131 
applied voltages from -200 mV to 200 mV. All pores showed a linear IV response, see 132 
Figure 1C,D for examples. The IV characteristics of both the Nsp1 and Nsp1-S grafted 133 
pores are linear but with a lower slope than for the bare pores, indicating, as expected, a 134 
reduced ion conductance due to the presence of the Nups. The attachment of Nups to the 135 
nanopore also increased the low-frequency 1/f noise compared to bare pores (See Figure 136 
1-figure supplement 2). Transmission electron micrographs of Nsp1-coated pores further 137 
supported the presence of Nups within the nanopores (Figure 1-figure supplement 3). 138 
The linearity of the IV curves indicates that the Nsp1 and Nsp1-S coat was not significantly 139 
affected by the applied voltage. For the Nsp1-coated pores, the conductance G = I/V 140 
dropped about 80% after coating Nsp1 (Fig. 1C). For pores coated with Nsp1-S, the 141 
current drop was lower, about 50% when compared with bare pores (Fig. 1D). The 142 
difference in the current blockade points towards a different volumetric arrangement of 143 
the proteins inside the nanopore, thus emphasizing the difference in the amino acid 144 
sequence of Nsp1 and Nsp1-S.  145 
 146 
Biomimetic NPCs have the advantage that, unlike natural NPCs, the pore diameter can be 147 
varied as a free parameter. We compared the ionic conductance G=I/V of bare pores with 148 
Nsp1 and Nsp1-S coated pores for various pore diameters d (Fig. 1B). For bare pores, a 149 
conductance of G=6-88 nS was measured for pore diameters ranging from 5-60 nm. We 150 
observed a slightly non-linear increase of conductance at small pore sizes, followed by a 151 
near-linear relation for wide pores. This is in accordance with the well-established non-152 
linear G(d) relation for cylindrical SiN pores (Hall, 1975; Kowalczyk, Grosberg, et al., 153 
2011): 154 
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�ሺ݀ሻ =  �ୠୟ୰e [Ͷ݈ ቀߨ݀ʹቁ⁄ + ͳ ݀⁄ ]−ͳ,   (1)  155 
where the first term in the denominator accounts for the pore resistance and the second 156 
for the access resistance (the latter being dominant at large pore diameters). Here, l = 20 157 
nm is the height of the pore and  �ୠୟ୰eis the conductivity of the ions through the bare 158 
pore, which was fitted to be equal to 2.2 ± 0.2 nS/nm (average ± standard deviation), in 159 
close agreement with the experimental value of 2.3 ± 0.3 nS/nm from bulk conductivity 160 
measurements.  161 
 162 
For Nsp1-coated pores, the conductance data show a radically different behaviour, with 163 
two rather distinct regimes of ion conductivity above and below an apparent threshold 164 
diameter of dNsp1 = 41 ± 2 nm. The current measured for pores with a diameter ranging 165 
from 5 nm to 41 nm showed a very low conductance of G = 0.2 to 4 nS (see Figure 3-figure 166 
supplement 4). Nsp1-coated pores with a diameter larger than 41 nm conduct ions with 167 
a much larger conductance. These observations are consistent with previously published 168 results for biomimetic NPCǯs with human FG domains (Kowalczyk, Kapinos, et al., 2011). 169 
When we coat the pores with the Nsp1-S mutant, we observed a qualitatively similar non-170 
linear G(d) behaviour as for the Nsp1-coated pores, but with a much lower threshold 171 
diameter dNsp1-S = 23 ± 3 nm.  172 




Figure 1 Coating a nanopore with FG-Nups reduces the pore conductivity. A. 176 
Schematic of the biomimetic NPC where yeast FG-Nup Nsp1 is coated onto a solid-state 177 
nanopore of diameter 50 nm and thickness of 20 nm. Kap95, a yeast importer, can pass 178 
through the barrier, whereas most other proteins such as tCherry fail to pass through the 179 
pores. B. Conductance versus pore diameter for bare pores (red), Nsp1-coated pores 180 
(blue), and Nsp1-S-coated pores (green). The conductance is low (<4nS) for small-181 
diameter biomimetic pores, below a threshold diameter 41±2 nm and 26 ±3 nm, for Nsp1 182 
and Nsp1-S respectively. Above this threshold diameter, the conductance increases 183 
linearly with slope similar to that of the bare pore conductance. Dashed lines are linear 184 
guides to the eye. C & D. Current vs voltage curves for a 50 nm pore before (blue) and 185 
after Nsp1 coating (red). The conductance drops by about 80% after coating, confirming 186 
a high density of Nsp1 inside the nanopore. C. Current vs voltage curves for a mutant 187 
Nsp1-S-coated (green) 50 nm pore. Here the conductance drops by about 50% 188 
conductance compared to the bare pore (blue). 189 
 190 
  191 
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Molecular dynamics calculations of the FG domain density distribution 192 
In order to gain a microscopic understanding of the FG domain structures that underlie 193 
these nonlinear in vitro conductance data, we developed a coarse-grained MD model of 194 
the biomimetic nanopores with embedded FG domains. The MD model of the domains is 195 
based on a one-bead-per-amino-acid representation that distinguishes between all 20 196 
amino acids (see Fig. 2A) (Ghavami et al., 2014). The model takes into account 197 
hydrophobic and electrostatic interactions between the amino acids, as well as the 198 
screening effect of free ions and the polarity of the solvent. The model has been shown to 199 
accurately predict (within 20% error) the Stokes radii of a wide range of FG domains and 200 
FG domain segments (Ghavami et al., 2014), including the low-charge Nsp11-172 and high-201 
charge Nsp1173-603 FG segments (Yamada et al., 2010). Nanopores were modeled as 202 
cylinders of height 20 nm (see Materials and methods) constructed from inert beads of 3 203 
nm diameter as depicted in Fig. 2B. The Nsp1 and Nsp1-S were anchored in a close-packed 204 
triangular lattice with an average grafting density of 1 per 28 nm2, corresponding to an 205 
average grafting distance of 5.7 nm. This grafting distance was experimentally estimated 206 
using two independent techniques (see Materials and methods, Figure 1-figure 207 
supplement 4; Figure 1-figure supplement 5; Figure 1-figure supplement 6), and further 208 
confirmed in experiments on denatured proteins in guanidinium HCl (Materials and 209 
methods). The 1 per 28 nm2 grafting density matches well with the surface area per FG 210 
Nup in a yeast NPC of about 24 to 32 nm2 and is close to the density that was reported for 211 
Nsp1 assembled in vitro on a planar surface (Eisele et al., 2013).  212 
  213 
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 214 
Figure 2 Coarse-grained molecular dynamics results of Nup density distributions   215 
in Nsp1 and Nsp1-S pores of varying diameter. A. Coarse-grained one-bead-per-216 
amino-acid representation of Nsp1; the different colors of the beads represent the 20 217 
different amino acids. The collapsed-coil N-terminal Ǯheadǯ region is visible at the top 218 
right. B. Multiple Nsp1s tethered inside a cylindrical pore of height 20 nm and a diameter 219 
of 45 nm with anchor points spaced according to a fully triangulated (close-packed) 220 
distribution with a spacing of 5.7 nm. C. Time-averaged r-z density distribution of Nsp1-221 
coated nanopores (top row) with diameters 22 nm, 45 nm and 60 nm; and similarly for 222 
Nsp1-S (bottom row). These data show denser structures for the smaller pores and much 223 
lower densities for Nsp1-S compared to the wildtype Nsp1. The nups are coated on the 224 
inner surface of the cylindrical nanopores at a close-packed triangular spacing of 5.7 nm.225 
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We thus computed the time-averaged amino acid mass density distribution of the 226 
nanopores that were coated with Nsp1 or Nsp1-S, for pore diameters ranging from 22 to 227 
60 nm. Fig. 2C shows the axisymmetric (r, z) density distribution in the pores, averaged 228 
in the circumferential direction. The mass density inside the central cylindrical region of 229 
the larger Nsp1 pores is much higher (70 – 100 mg/ml), than that for the mutant (50 230 
mg/ml), as can also be seen in the z-averaged (-10 nm < z < 10 nm) radial density 231 
distribution in Fig. 3A. Interestingly, we observed that the Nsp1 pores clearly feature a 232 
maximum density at the central axis (r = 0, see Fig. 3), which is possibly related to the 233 
high percentage of hydrophobic residues, relative to charged residues, in the head group 234 
of the wildtype Nsp1. The Nsp1-S data show a striking difference in density distribution: 235 
much more uniform and less dense, which is likely to be caused by the lower number of 236 
hydrophobic residues compared to the wildtype Nsp1 (see Fig. 2C and Fig. 3A).  237 
 238 
To further explore the partitioning of Nsp1 in the pore based on amino-acid sequence, we 239 
study the localization of its head and tail groups inside the nanopore. Nsp1 has a collapsed 240 
coil N-terminal segment that is hydrophobic, low in charge and rich in FG-repeats, 241 
forming a small cohesive Ǯheadǯ. The C-terminus domain – which is bound to the nanopore 242 
surface – has a high charge-to-hydrophobicity ratio and has a repulsive, extended coil 243 ȋǮstalkǯȌ conformation (Yamada et al., 2010) (see Figure 2-figure supplement 1 ). Our 244 
results show that for Nsp1 the heads are rather localized, forming a cohesive structure 245 
around the central pore axis for the 45 (see SI Movie 1) and 60 nm pores. In contrast, the 246 
Nsp1-S heads show a much more widespread distribution (see SI Movie 2), reflecting 247 
their higher charge-to-hydrophobicity ratio.  248 
 249 
The Stokes radii (RS) of the head and stalk region are 3.2 nm and 6.5 nm, respectively, as 250 
computed by us (Ghavami et al., 2014) and measured by Yamada and coworkers (Yamada 251 
et al., 2010). To investigate the role of these two segments in establishing the high-density 252 
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structure, we plot the density distribution of only those amino-acids that are part of the 253 
N-terminal head region in Figure 2-figure supplement 1. For the mutant we see a more 254 
wide-spread distribution, whereas for Nsp1 the heads are rather localized, forming a 255 
cohesive structure around the central pore axis for the largest pore sizes (for the smaller 256 
pore size of 22 nm the geometric confinement is so large that the Nsp1 heads are pushed 257 
out from the core of the pore). It is interesting to note that the radii of gyration of the head 258 
and stalk region in isolation are similar as when they are part of one Nsp1 molecule. 259 
However, the radius of gyration of Nsp1 is less than the sum of the radius of gyration of 260 
the head and tail, indicating that the head and tail do interact but retain their individual 261 
conformation (see SI Movie 3), even when tethered together (see SI Movie 1). This also 262 
carries over to their conformation inside the pore, albeit with one difference: the radius 263 
of gyration of the stalk region is enlarged by 30%, whereas the radius of gyration of the 264 
head again remains unchanged. This is most likely caused by the stronger lateral 265 
constraints of the stalks at the anchor points (C-terminal), while the N-terminal heads 266 
have more freedom. 267 
 268 
In terms of amino acid sequence and pore partitioning it is interesting to compare these 269 
Nsp1 pores also with nanopores lined with the Nup98 FG domain (498 amino acids), 270 
studied before (Kowalczyk, Kapinos, et al., 2011). The Nup98 FG domain has a low charge-271 
to-hydrophobicity ratio, resulting in a collapsed structure, and it is grafted on the pore 272 
surface at a density of 1 per 49 nm2 (Kowalczyk, Kapinos, et al., 2011). The 2D (r,z) and 273 
radial density distribution, depicted in Figure 2-figure supplement 2, show a profoundly 274 
different behaviour: the Nup98 FG pore shows a very dense (300 mg/ml) ring-like 275 
structure that forms already at relatively small pore sizes (25 – 30 nm), while the protein 276 
density vanishes towards the pore centre. In contrast, Nsp1 and its mutant form a pore-277 
filling Nup network that is retained up to pore diameters larger than 60 nm. The key 278 
observation is that, consistent with experiments (Kowalczyk, Kapinos, et al., 2011), the 279 
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ionic conductance through the Nup98 pores only commences when a central conduit has 280 
opened up in the nonconductive high-density ring structure, which contrast Nsp1 and 281 
Nsp1-S pores that are filled by a uniform protein network of relative low density that 282 
supports ion flow throughout (see below).  283 
 284 
A density-based conductance relation for biomimetic NPCs  285 
Based on the computational results of the inhomogeneous mass distributions of the 286 
biomimetic NPCs, we now calculate the modified ion conductance through the pores. For 287 
nanopores coated with FG domains, the presence of the proteins hinders electrical 288 
transport, thus reducing the effective conductivity of the medium in the pore. To account 289 
for this, we introduce �ୟୡୡeୱୱ  and �୮୭୰e  to describe the ion conductivity of the access 290 
region and the pore, respectively. The total conductance of the nanopore can then be 291 
written as: 292 
 �ሺ݀ሻ = [Ͷ݈ (ߨ݀ଶ�୮୭୰e)⁄ + ͳ ሺ݀�ୟୡୡeୱୱሻ⁄ ]−ଵ. (2) 
To calculate the effective conductivity �୮୭୰e for a specific pore diameter, we make use of 293 
the radial density distributions ߩሺ�ሻ of the Nups inside the pore, i.e., averaged over the 294 
range -10 nm < z < 10 nm (Fig. 3A). The ion conductivity is taken equal to the bare-pore 295 
ion conductivity  �ୠୟ୰e  = 2.2 nS/nm for regions where the Nup density is zero, and 296 
assumed to decrease in proportion to the local protein density, �ሺ�ሻ =  �ୠୟ୰eሺͳ −297 ߩሺ�ሻ ߩ௖���⁄ ሻ, where ߩ௖��� is a free parameter found to be equal to 85 mg/ml from a fit to 298 
the data. The conductivity is taken to be zero at and beyond that critical density. Then by 299 
radially integrating �ሺ�ሻ, we obtain the conductivity of the pore as  300 
 �୮୭୰e = ሺͶ ߨ݀ଶ⁄ ሻ ∫ ʹߨ��ሺ�ሻ݀�.�=ௗଶ�=଴  
 
(3) 
A related expression is used to similarly calculate the access conductivity (�ୟୡୡeୱୱ). Hyun 301 
and coworkers probed the size of the access region and showed that for nanopores with 302 
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a similar l/d  ratio (1.5) as used here, the access resistance is only affected in a region 303 
closer than 40 nm from the center of the pore (Hyun, Rollings and Li, 2012). For smaller 304 
values of l/d, the size of the access region was found to decrease. Therefore, we define the 305 
access region to extend from 10 nm < |z| < 40 nm, and we use this range to calculated the 306 
density distribution as a function of r. We performed a sensitivity analysis for the size of 307 
the access region and observed that by decreasing the size with a factor as large as 3, the 308 
maximal change in all computed conductance values was only found to be 13%, showing 309 
that the results are not sensitive to changes in the size of the access region. Finally, we use 310 
these pore ሺ�୮୭୰eሻ and access conductivities ሺ�ୟୡୡeୱୱሻ to calculate the total pore 311 
conductance described by the modified conductance relation (Eq. 2) for the different 312 
diameters ranging from 22 to 60 nm, resulting in Fig. 3B. 313 
 314 
Figure 3B shows a dependence of G on d that is strikingly similar to that of the 315 
experimental data (cf. Fig. 1B), featuring two distinct regimes of ion conductance, at low 316 
and high pore diameters. Below a critical pore diameter, the conductance is very low, 317 
whereas above it, it rises nearly linearly with diameter. Furthermore, the mutant shows 318 
a larger conductance than the native Nsp1. Gratifyingly, the experimental and theoretical 319 
data are even in good quantitative agreement (see inset Fig. 3B). Note that this 320 
correspondence is remarkable, given the simplicity of the model that merely assumes a 321 
critical FG domain density. In order to generate a closed-form, continuous function for the 322 
conductance G(d), we fit the conductivities in Figure 3-figure supplement 1 with smooth 323 
sigmoidal functions, substitute these in Eq. 2, and plot the results together with the 324 
experimental and numerical data points in Fig. 3C. The figure clearly illustrates that both 325 
the non-linear increase at small pore diameters as well as the near-linear increase in 326 
conductance at large pore sizes are nicely captured by the theoretical conductance 327 
relation, in close agreement with the numerical and experimental data points. Some 328 




Figure 3. Radial density distribution and conductance data for Nsp1 and Nsp1-S 332 
biomimetic pores. A. Radial protein density distribution for biomimetic nuclear pores 333 
with pore diameters of 22 nm, 45 nm, and 60 nm, for pores coated with Nsp1 (blue) and 334 
Nsp1-S (green). All data are taken within the height of the cylinder (20 nm; -10 nm < z < 335 
10 nm) that is divided into 20 equally spaced discs of thickness 1 nm each. Each of the 20 336 
curves represented in each panel shows the radial density distribution for that specific z 337 
location. B. Modeling results for the conductance as a function of pore diameter for Nsp1-338 
coated pores (blue) and Nsp1-S-coated pores (green). The dashed lines are linear guides 339 
to the eye. The inset shows a comparison between the computed and the experimental 340 
conductance. C. Conductance versus pore diameter for the experimental (open symbols) 341 
and modeling data (closed symbols). For Nup-coated pores, the conductance is low 342 
(G<4nS) for small diameters, but it increases strongly with a non-linear dependence on 343 
pore diameter beyond ~40 nm for Nsp1 and beyond ~20 nm for Nsp1-S. At larger  344 
diameters the conductance increases almost linearly with a slope slightly smaller than 345 
that of the bare pore, with G-values of tens of nS. The red  solid line corresponds to Eq. (1) 346 
for the bare pore and the green and blue solid lines correspond to Eq. (2) with the 347 
conductivities for the access and pore regions obtained by fitting the numerical results 348 
using sigmoidal functions (see Figure 3-figure supplement 1 ). 349 
It is of interest to put the conductance values that we report here for biomimetic NPCs in 350 
perspective. Early patch clamp studies of whole NPCs in vivo showed that NPCs are 351 
permeable to ions (Bustamante, Hanover and Liepins, 1995; Tonini et al., 1999), and all 352 
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papers on NPCs since then have mentioned the good permeability of NPCs to ions and 353 
small molecules. However, the conductance of a single NPC is actually quite low, with 354 
values of only 0.3-2 nS, which is roughly two orders of magnitude lower than unhindered 355 
ionic transport (Bustamante, Hanover and Liepins, 1995; Tonini et al., 1999). It is 356 
noteworthy that our biomimetic NPC, with only 1 type of Nups, viz. Nsp1, has a 357 
conductance of ~4 nS for 35 nm pores, which is quite close to the in vivo value of 0.3-2 nS, 358 
certainly in view of the simplicity of our biomimetic NPC. Real NPCs consists of several 359 
types of Nups with a varying charge and FG content that all may affect the ion flux. 360 
 361 
Nsp1-pores are selective whereas Nsp1-S-pores are not selective for transport 362 
receptors 363 
A critical question is to determine whether the NPC biomimetic pores are functional and 364 
selective regarding the transport of proteins. We compared the translocation of yeast NTR 365 
Kap95 (95 kDa) and a non-NTR tetrameric protein tCherry of similar size (104kDa, see 366 
Materials and methods) through Nsp1-coated pores of size 48 ± 3 nm (as measured by 367 
TEM) (Frey, Richter and Görlich, 2006; Frey and Görlich, 2007). First, we show the control 368 
experiment where we added either Kap95 or tCherry to the cis side of a bare (uncoated) 369 
pore. We observed clear translocation events as blockade peaks in the conductance (Fig. 370 
4A). Each downward spike is a single protein translocation event with a characteristic 371 
translocation time (�) and conductance blockade (ΔG, the amplitude of the spikes in Fig. 372 
4A and B).  We use a custom-made Matlab script to analyze our data as described 373 
elsewhere (Plesa and Dekker, 2015). In Fig. 4C-F, each translocation event was 374 
represented as a dot in the scatter diagram, which shows the conductance blockade 375 
versus translocation time. A log-normal fit of the translocation times yields an average τ 376 
= 0.29 ± 0.16 ms and 0.19 ± 0.11 ms (mean ± standard deviation, for N=3 pores), for Kap95 377 
(100 nM) and tCherry (100 nM), respectively. The conductance blockade for Kap95 was 378 
0.22 ± 0.07 nS and for tCherry 0.28 ±0.11 nS. We thus conclude that, as expected from 379 
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their similar size, the Kap95 and tCherry proteins translocate the bare nanopore with 380 
quite similar characteristics. 381 
 382 
Next, we address the translocation though nanopores that were coated with Nsp1. Kap95 383 
translocate through such pores with a most likely translocation time of  τ = 5.2 ms ± 2.4 384 
ms and an average conductance blockade of 0.31 ± 0.10 nS (N=3). The conductance 385 
blockade is, as expected, of similar magnitude as for the bare pore. The most noteworthy 386 
difference is the significant increase in translocation time of Kap95 as it moves through 387 
the Nsp1-coated pore, indicating interactions between Nsp1 and Kap95. To probe 388 
whether these biomimetic NPCs also allow large non-NTR proteins to pass through, 389 
Kap95 was replaced by tCherry, a protein that is expected not to interact with the FG 390 
domains of NPCs. We found that passage of tCherry through the Nsp1-coated pores was 391 
essentially blocked: The tCherry translocation experiments yielded a significantly lower 392 
number of events (n=90, compared to n=917 for Kap95 in the same time window and at 393 
the same concentration; see Figure 4E). From these measurements, we conclude that the 394 
Nsp1-coated pore is selective: it does not allow tCherry to pass through efficiently, in 395 
contrast to the transport observed for Kap95.  396 
  397 
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 398 
Figure 4 Transport and selectivity of the biomimetic NPCs A. Typical translocation 399 
event of Kap95 through a bare pore. Each spike signals a single kap95 that translocate the 400 
pore.  B. Examples of translocation events through the Nsp1-coated pores. Note that the 401 
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events in panel B show translocation times of a few ms, in contrast to the sub-ms events 402 
of panel A. C. Scatter plot comparing the translocation events of Kap95 through a bare 403 
pore (black; N=1193) and through Nsp1-coated pores (blue; N=917). The larger dwell 404 
time through the Nsp1-coated pore indicates a much slower transport than that through 405 
the bare pore. In C-F, the panels on the right show histograms of the conductance 406 
blockade. D. Scatter diagram for Kap95 translocating through mutant Nsp1-S pores 407 
(green) (N=505). The conductance blockade histograms show that the average 408 
conductance blockade level after Nsp1-S modification is comparable to that of bare pores. 409 
E. Scatter plot comparing the translocation events of tCherry through a bare pore (Purple; 410 
N=1000) and Nsp1 (Cyan; N=90) coated pores. Note the low number of translocations of 411 
tCherry through Nsp1-coated pores. F. Scatter plot comparing the translocation events of 412 
tCherry through a bare pore (Purple; N=1000) and Nsp1-S (Red; N=1000)-coated pores. 413 
G. Translocation time distribution in lognormal format for translocation of Kap95 through 414 
bare, Nsp1-coated, and Nsp1-S-coated pores. H. Same as G, but for tCherry translocations 415 
through bare pore, Nsp1-, and Nsp1-S coated pores. Kap95 and tCherry concentrations 416 
were 100 nM. 417 
 418 
One of the main objectives of this research was to address the importance of FG motifs in 419 
Nups such as Nsp1. Specifically, we ask ourselves whether the mutation of the 420 
hydrophobic FG motifs to the much less hydrophobic SG motifs affects the selective 421 
permeability barrier. To investigate this, we carried out translocation measurements with 422 
both Kap95 and tCherry on the Nsp1-S-coated nanopores. We successfully performed 423 
such experiments (Fig.4D and 4F), yielding an average translocation time for Kap95 of τ 424 
= 0.23 ± 0.13 ms (Fig. 4D) and τ = 0.45 ±0.23 ms for tCherry (Fig. 4F), and a conductance 425 
blockade of 0.24 ±0.10 nS and 0.32 ± 0.09 nS, respectively (N=3). Figure 4G and 4H 426 
compare the translocation times for all cases. Fig. 4G clearly shows the longer 427 
translocation time for Kap95 through Nsp1-coated pores, compared to both bare and 428 
Nsp1-S coated pores. Figure 4H shows that the tCherry translocation times are similar for 429 
bare and Nsp1-S-coated pores. We thus find that the Kap95 and tCherry actually 430 
translocate mutant-coated pores very well with short translocation times, similar to those 431 
for bare pores. The data show that the selectivity of the Nsp1-coated pores is lost when 432 
the hydrophobic FG-domains are replaced by the hydrophilic SG-domains. 433 
  434 
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 435 
Figure 5 Selectivity for Nsp1, but not for Nps1-S biomimetic NPCs. A. Event 436 
frequencies for Kap95 (blue) and tCherry (red) through bare pores, Nsp1-coated pores , 437 
and Nsp1-S-coated pores. The data show an NPC-like selectivity for Nsp1-coated pores 438 
where the passage of tCherry is inhibited whereas Kap95 can pass well through the pore, 439 
with an event frequency that is similar to the case of bare pore. Note that the Nsp1-S 440 
mutant pores allow both Kap95 and tCherry to pass through with a similar rate. The pore 441 
diameter was in all cases 48 ± 2 nm. Kap95 and tCherry concentrations were 100 nM. B. 442 
A comparison between experimental event rate and calculated event rate using Eq. 4. The 443 
error bar in the calculated event rate is computed based on the error in the energy barrier 444 
for the respective particle and pore combination. 445 
 446 
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The event frequency, i.e., the number of translocation events per unit time, can be used as 447 
a figure of merit to quantify the selective behavior of Nsp1-coated and Nsp1-S-coated 448 
pores. Figure 5A compares the event frequency of Kap95 (blue, 100 nM) and tCherry (red, 449 
100nM) for translocations through 48 nm pores.  The measured event rate of Kap95 was 450 
1.7 ± 0.2 Hz for a bare pore, 1.4 ± 0.3 Hz for Nsp1-coated pores, and 1.4 ± 0.1 Hz for Nsp1-451 
S-coated pores, i.e., Kap95 thus translocates through all pore types with a similar event 452 
rate. Additionally, we performed translocation measurements for varying Kap95 453 
concentration (50-500 nM) through a Nsp1-coated pore, where we observed a constant  454 
baseline current at all Kap95 concentrations (Figure 5-figure supplement 1), contrasting 455 
to what would have been the case if large numbers of Kap95 would accumulate within the 456 
pore (Lim and Kapinos, 2015; Kapinos et al., 2017).  Furthermore, we observed, as 457 
expected, a linear increase in the event frequency (Figure 5-figure supplement 1). 458 
Notably, in contrast to the finite 1.4 Hz event rate measured for Kap95, tCherry virtually 459 
fails to pass through the Nsp1-coated pores with an event frequency as low as 0.02 ±0.04 460 
Hz (at the same 100 nM concentration), while it translocates easily through the bare and 461 
Nsp1-S pores, with frequencies of 1.3 ± 0.2 Hz and 1.2 ± 0.3 Hz, respectively. Event 462 
frequencies for translocation through Nsp1-S-coated pores were also tested for various 463 
pore sizes in the range of 32 nm to 50 nm (Figure 5-figure supplement 2) for both Kap95 464 
and tCherry. No clear diameter dependence of the selectivity was noted. 465 
 466 
Probing the NPC selectivity through MD simulations 467 
To understand the mechanism behind the selectivity of the nanopores, we carried out 468 
coarse-grained MD simulations to calculate the energy barrier that the tCherry and Kap95 469 
proteins have to overcome for transport through a 45nm-diameter pore that is lined with 470 
Nsp1 or with Nsp1-S. More specifically, we use the umbrella sampling method to calculate 471 
the potential of mean force (PMF) at every location along the central transport channel of 472 
the 45nm nanopore (Ghavami, Van Der Giessen and Onck, 2016). The PMF is the effective 473 
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potential that the tCherry and Kap95 experiences due to the presence of the FG or SG 474 
domains, averaged over all conformations of the system. tCherry is simulated by using an 475 
inert (Cardarelli, Lanzano and Gratton, 2011) sphere of radius 7.4 nm (see Supplementary 476 
file 1) while for Kap95 we use a sphere of radius 8.5 nm that is covered by 10 hydrophobic 477 
binding spots and a total charge of -43e (Kersey et al., 2012) homogeneously distributed 478 
on the surface (Tagliazucchi et al., 2013).  479 
 480 
Figure 6 shows the potential of mean force (PMF) for tCherry and Kap95 particles at 481 
different z-positions along the central axis (r=0) for the wildtype Nsp1 and mutant Nsp1-482 
S pores. The energy barrier that the particles encounter can be seen as the work required 483 
for transport through the transport channel, and is defined as the difference between the 484 
maximum and minimum value of the PMF curve. In order to obtain the energy barrier, the 485 
PMF curves for positive and negative z-values are smoothened with a 6th-order 486 
polynomial function and these functions are used for further analysis. The PMF curves 487 
and the associated energy barriers can be understood in terms of the molecular 488 
interactions between the translocating particle and the FG-nups, which can be 489 
categorized into steric repulsion, hydrophobic/hydrophilic interactions, and electrostatic 490 
interactions (Tagliazucchi et al., 2013; Ghavami, Van Der Giessen and Onck, 2016). Being 491 
an inert particle, tCherry only faces steric repulsion when entering the pore, whereas 492 
Kap95 is subjected to a higher steric repulsion (because it has a larger surface area 493 
(Ghavami, Van Der Giessen and Onck, 2016)), but this is compensated by additional 494 
favorable hydrophobic and weak electrostatic interactions.  495 
 496 
If we focus on the wild-type Nsp1 pores, we see that the energy barrier for tCherry is high, 497 
12 kJ mol-1, i.e. almost 5 kBT. This is entirely due to the strong steric hindrance that the 498 
inert tCherry particle experiences when it aims to pass through the high-density Nsp1 499 
pore (100 mg/ml density, see Fig. 2C and 3A).  In contrast, the PMF curve for Kap95 in the 500 
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wild-type pore shows a drastically different behavior. Due to the hydrophobic binding 501 
sites and negative charge, the Kap95 particle is strongly attracted by the hydrophobic and 502 
weakly positively-charged Nsp1 meshwork, resulting in an energy well around |z| = 30 503 
nm, which co-localizes with the high concentration of Nsp1 hydrophobic head groups (see 504 
Figure 2-figure supplement 1 and Supplementary file 2). In order to complete 505 
translocation, the Kap95 has to overcome the energy barrier associated with the well, 506 
being equal to 6 kJ/mol-1 (Carpenter et al., 2014), viz., a strong reduction compared to the 507 
steric Nsp1-barrier of tCherry of 12 kJ/mol-1. Such an energy barrier is reminiscent of the 508 
entropic barrier reported by Rout et al (Rout et al., 2003).  509 
 510 
In contrast to the big difference between tCherry and Kap95 in the Nsp1 energy 511 
landscape, there is almost no difference in the energy barriers for the two particles in 512 
Nsp1-S. Both curves show a rising energy profile when entering, with the Kap95 PMF 513 
rising stronger than tCherry for |z| > 20 nm, due to its bigger size. Around z = 0, Kap95 514 
features a sharp drop in the potential of mean force, whereas the PMF for tCherry shows 515 
a small peak. This is associated with a higher (hydrophobic) protein density at z = 0, 516 
resulting in an increased steric repulsion for tCherry and an increased attraction for 517 
Kap95. Despite the fact that their specific energy profiles are different, the energy barriers 518 
calculated from the PMF curves are similar, 6.5 kJ mol-1 and 6.4 kJ mol-1 for tCherry and 519 
Kap95, respectively. Clearly, from an energetic point of view, the Nsp1-S pore thus is non-520 
selective for the two particles.  521 
 522 
In order to characterize the experimental translocation event frequency of tCherry and 523 
Kap95, we used an Arrhenius relation. The event frequency � can be expressed as 524 
 � =  �Ͳ exp[−∆�/݇Bܶ], (4) 
in which ∆� is the energy barrier that the translocating particle has to overcome and �଴ 525 
is a proportionality constant that resembles the event frequency of the bare pore. The 526 
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computed event rates are compared to the experimental event rates in Fig. 5B, showing 527 
excellent agreement (for details see Figure 5-figure supplement 3): Kap95 translocates 528 
through the nanopore coated with Nsp1 at a rate of 1.5 ± 0.3 Hz, while tCherry features a 529 
much lower rate of 0.13 ± 0.03 Hz. In contrast, for the mutated pore, the frequencies are 530 
very similar: 1.3 ± 0.3 Hz for Kap95 and at 1.2 ± 0.1 Hz for tCherry. These results show 531 
that the permeability barrier of Nsp1-S is compromised, while Nsp1 allows Kap95 but not 532 




Figure 6. Potential of mean force (PMF) curves associated with transport of tCherry 537 
and Kap95 through Nsp1 and Nsp1-S coated pores. PMF values for tCherry and Kap95 538 
particles at different positions along the central axis (r=0). Kap95 in the Nsp1 and in 539 
Nsp1-S pore is represented in black and red, respectively, and tCherry in Nsp1 and Nsp1-540 
S is shown in blue and green, respectively. Solid lines represent polynomial fits of 6th order 541 
for z < 0 and z > 0.  The data show that the energy barrier that tCherry needs to overcome 542 
to move across the Nsp1-lined pore is approximately 12 kJ/mol, while for Kap95, it is 543 
much lower, 6 kJ/mol.  For the Nsp1-S pore however, the barriers are very similar for 544 
Kap95 and tCherry, viz., 6.5 kJ/mol and 6.4 kJ/mol, respectively. 545 
  546 
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Discussion  547 
 548 
The NPC central conduit, which controls all transport between nucleus and cytosol, is 549 
guarded by a barrier made up of intrinsically disordered Nups with FG-repeats (Musser 550 
and Grünwald, 2016). In this study, we examined the behavior of a minimalistic 551 
biomimetic NPC assembly with either Nsp1 or Nsp1-S domains tethered onto the inner 552 
surface of a solid-state nanopore. Our results provide the first experimental data for the 553 
ion conductance as a function of nanopore diameter (5 to 65 nm) for Nsp1 pores. Nsp1 554 
pores are found to block the conductance stronger than Nsp1-S mutant pores. For small 555 
pore sizes the conductance is low (< 4nS), similar but slightly larger than natural NPCs 556 
(~1 nS) (Bustamante, Hanover and Liepins, 1995; Tonini et al., 1999). While these values 557 
are in fact remarkably close, the difference is not unexpected since we use only one type 558 
of FG-Nup domain, whereas the NPC consists of more than 10 different FG Nups with 559 
multiple copies. Beyond a non-linear transition regime at pore sizes of around 40 and 20 560 
nm for Nsp1 and Nsp1-S, respectively, the conductance rises strongly, leading to a near-561 
linear slope at larger pore sizes. 562 
 563 
To shed light on these experimental findings, we carried out coarse-grained molecular 564 
dynamics simulations on nanopores of different sizes. As the model contains the exact 565 
amino-acid sequence of the FG domains, it captures the difference in cohesiveness 566 
between the mutant and wildtype Nsp1 and predicts their distribution inside the pore. 567 
Interestingly, the density in the Nsp1 pores exhibits a maximum at the pore center and 568 
remains significantly high throughout (see Fig 2C and Fig. 3A), even for pore radii that are 569 
much larger than two times the Stokes radius of Nsp1 (2RS ~ 15 nm). This can be partly 570 
attributed to the cohesive, sticky nature of the low-charge N-terminal Ǯheadǯ segments of 571 
Nsp1 that are rich in hydrophobic FG-repeats and partly to the geometric confinement of 572 
the closely-spaced Nups in the channel (the grafting distance of 5.7 nm is considerably 573 
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smaller than twice the Stokes radius (2RS ~15 nm). This is consistent with the work of 574 
Zahn et al. (Zahn et al., 2016) who found Nsp1 brush heights of approximately 27 nm for 575 
similar grafting densities and with the work of Vovk et al., who found that for surface-576 
tethered FG domains the brush height increases with decreasing grafting distance (Vovk 577 
et al., 2016). The Nsp1-S mutant lacks the large percentage of hydrophobic residues 578 
required for cohesive interactions (see Supplementary file 2) leading to a remarkably 579 
uniform density distribution across the pore area (Fig. 3A). The spatial structure of the 580 
FG and SG domains in the wildtype and mutant Nsp1 pores shows a striking difference 581 
with that of (non-glycosylated) Nup98 pores that exhibit a high-density, donut-like 582 
structure that are fully open at the center already at pore diameters of ~25 nm. This is 583 
due to the lower geometric confinement (the grafting distance was measured to be 584 
approximately equal to 2RS=8.2 nm) and the much larger Nup98 cohesiveness. The latter 585 
reflects the smaller ratio of charged over hydrophobic residues (0.2 for Nup98 versus 0.9 586 
and 1.6 for Nsp1 and Nsp1-S, respectively), resulting in characteristic protein densities of 587 
344, 74, and 52 mg/ml, respectively (see Supplementary file 2). 588 
 589 
To link protein density to ionic conductance, we developed a phenomenological relation 590 
for the nanopore conductance G(d) which connects the in-silico time-averaged protein 591 
density distribution ߩሺ�ሻ to the effective ionic conductivity . By adopting a single critical 592 
protein concentration, the model successfully predicts the very low conductance at small 593 
pore sizes and the non-linear transition to an access-resistance-dominated conductance 594 
for larger pores. The conductance of the Nsp1-coated pores was found to be lower than 595 
those coated with Nsp1-S,  which is a direct consequence of the sequence-dependent 596 
difference in spatial FG-domain distribution as discussed above. We also used the density-597 
based conductance relation (Eq. 2) to predict the conductance of the Nup98 nanopores 598 
published before (Kowalczyk, Kapinos, et al., 2011) (see Figure 3-figure supplement 2). 599 
Also in this case the experimental and computational data are in excellent agreement, 600 
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demonstrating the broad applicability of the G(d) relation for Nup-nanopores that feature 601 
profoundly different protein density distributions.  602 
 603 
The differences between the Nsp1 and Nsp1-S biomimetic pores testify to the importance 604 
of the hydrophobic residues for barrier-formation by FG domains. The  formation of 605 
hydrogels (Ribbeck and Görlich, 2001; Frey, Richter and Görlich, 2006) and surface-606 
grafted FG domains (Eisele et al., 2013) similarly showed evidence of the FG motifs' role 607 
in establishing the cohesiveness of Nsp1 relative to Nsp1-S. Hexanediols have been shown 608 
to disrupt the permeability barrier of either human or yeast NPCs (Lim et al., 2007; Patel 609 
et al., 2007; Jovanovic-Talisman et al., 2009). Moreover, the FG motifs not only establish 610 
a cohesive structure (Frey, Richter and Görlich, 2006; Patel et al., 2007; Yamada et al., 611 
2010; Hülsmann, Labokha and Görlich, 2012), they also assist transport of NTRs through 612 
the NPC channel (Rout and Wente, 1994; Bayliss et al., 1999, 2002; Isgro and Schulten, 613 
2005; Port et al., 2015).  614 
 615 
To explore the role of Nsp1 cohesiveness in assisting transport, we tested our Nsp1 616 
biomimetic NPCs for the selective permeability for Kap95 and tCherry. We observed that 617 
Kap95 translocates well through Nsp1-coated pores, with sizeable (few ms) dwell times, 618 
compared to the fast translocation through bare and Nsp1-S-coated pores. Note that the 619 
dwell time of ~5 ms is close to the 3 to 10 ms NTR passage times observed through the 620 
NPC (Yang, Gelles and Musser, 2004; Kubitscheck et al., 2005), which is remarkable given 621 
the simplicity of our biomimetic NPCs. Contrary to Kap95, tCherry did hardly translocate 622 
through Nsp1-coated pores, indicating a clear selectivity of these biomimetic NPCs. Kap95 623 
transport through Nsp1 was tested before as a model reporter for selective permeability 624 
in a variety of studies (Frey and Görlich, 2007; Jovanovic-Talisman et al., 2009; Eisele et 625 
al., 2013). In a previous report, Nsp1-based artificial NPCs were tested for selective 626 
behavior of various NTRs and NTR-cargo complexes which translocated effortlessly 627 
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whereas the mutant version of NTR (with reduced binding affinity to the FG repeats) 628 
transported at a much lower rate (Jovanovic-Talisman et al., 2009). We observed a similar 629 
reduction in transport rate for tCherry compared to Kap95 translocations through the 630 
Nsp1-coated pores. 631 
 632 
The molecular dynamics simulations provide clear mechanistic insight into the 633 
permeability and selectivity of the Nsp1 pores. The tCherry is an inert (i.e. non-interacting 634 
with FG repeats) particle, subject to steric repulsion from the FG domains and unable to 635 
counteract the barrier-forming hydrophobic interactions between the FG domains. Since 636 
the protein density in the Nsp1-pores (~100 mg/ml) is significantly higher than that in 637 
the Nsp1-S pore (~ 50 mg/ml), the energy barrier is almost two times as high (~12 kJ 638 
mol-1 versus ~6.5 kJ mol-1), resulting in Arrhenius-converted event rates that differ by an 639 
order of magnitude (0.13 and 1.22 Hz, respectively). In contrast to tCherry, Kap95 has 640 
hydrophobic binding sites and features a strong attraction to the hydrophobic residues of 641 
the Nsp1 FG domains. There is also a weak electrostatic attraction between the strongly 642 
negative Kap95 and the weakly positive FG domain. This together lowers the energy 643 
barrier from ~12 kJ mol-1 for tCherry to ~6 kJ mol-1 for Kap95 in the Nsp1 pore, associated 644 
with an increase in event rate from 0.13 to 1.50 Hz. We thus find that the Nsp1 pores are 645 
clearly selective, repelling inert particles but allowing transport receptors to pass 646 
through. The Nsp1-S pore, on the other hand, does not feature such a selective 647 
permeability barrier, allowing both tCherry as well as Kap95 to pass through, with event 648 
rates of 1.2 and 1.3 Hz, respectively. Clearly, when hydrophobic residues are replaced by 649 
hydrophilic residues, the permeability barrier is compromised and the selectivity 650 
vanishes. 651 
 652 
To conclude, we have successfully built and modeled minimal NPCs based on solid-state 653 
nanopores with yeast Nsp1 and mutant Nsp1-S domains. We demonstrated a clear 654 
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difference in the conductance characteristics conferred by either Nsp1 or Nsp1-S. 655 
Translocation time and event rate analyses showed that Nsp1 is selective for the yeast 656 
importer Kap95 over tCherry, while Nsp1-S-coated pores lack this selective barrier, 657 
verifying that cohesive inter FG repeat interactions are required for transport selectivity. 658 
Major new biophysics insights into the underlying structural cause of all these 659 
experimental observations were obtained from coarse-grained molecular dynamics 660 
simulations of the FG Nup density distributions. It was shown that Nsp1 forms a high-661 
density protein distribution with a pronounced maximum at the pore center, in contrast 662 
to a uniform and significantly less-dense protein distribution for Nsp1-S. The computed 663 
density-dependent conductance and translocation times of Kap95 and tCherry for the 664 
Nsp1 and Nsp1-S nanopores were found to be in excellent agreement with the 665 
experimental results. Our results identify a sequence-dependent spatial structure of the 666 
disordered FG-Nups that affects the conductance and highlights its key role in 667 
establishing the NPCǯs selective permeability. 668 
  669 
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Materials and methods 670 
 671 
Solid-state nanopores 672 
Solid-state nanopores were fabricated on free standing Silicon Nitride (SiN) membrane 673 
deposited on Silicon wafer as mentioned elsewhere in detail (Janssen et al., 2012). In brief, 674 
nanopore chips are built-up on a silicon wafer (100) with supporting deposited layers of 675 
Silicon dioxide and low-stress SiN. By employing UV-lithography, chemical etching and 676 
reactive-ion etching, the layers were etched away to end up with ~10µm window of 677 
freestanding silicon nitride of 20 nm thickness. In this layer, a nanopore was drilled by 678 
electron beam using Transmission Electron Microscopy (TEM) operated at 300 kV. The 679 
focused electron beam was used to control the diameter of pore with a nanometer 680 
precision. After drilling with TEM, the pores were stored in a solution containing 50% 681 
(v/v) ethanol in Milli-Q water until usage. In our current work, we used pore diameter 682 
from 5 to 65 nm. Prior to measurement, each pores were painted with a layer of 683 
polydimethylsiloxane (PDMS) and baked for 2 hours at 70 °C. PDMS layer reduce 684 
capacitive noise and offer better signal-to-noise properties (Tabard-Cossa et al., 2007). 685 
Nanopore chips were mounted on a custom made poly(methyl methacrylate) (PMMA) 686 
flow cell, after which the flow cell was filled with 150 mM KCl, 10 mM Tris- EDTA (1 mM) 687 
buffer at pH 7.6. The current was recorded with a electrophysiology patch clamp setup 688 
Axopatch 200B amplifier with a digitizer Digidata 1322A DAQ. We probe the transport 689 
electrically by monitoring the translocation of single proteins through 50 nm pores with 690 
a conductance of G = 10-16 nS. The concentration of Kap95 and tCherry used in 691 
translocation experiments was 100 nM unless stated otherwise. Note that measurements 692 
on nanopores with a diameter below the threshold are difficult due to a low signal-to-693 
noise ratio at physiological salt conditions. The data was analyzed in a custom Transalyzer 694 
package in Matlab (Plesa and Dekker, 2015).   695 
 696 
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Chemical modification of solid-state nanopore 697 
The surface chemistry used to attach Nsp1 and Nsp1-S to the nanopore surface is shown 698 
in Figure 1-figure supplement 1. The nanopore chip was rinsed with water and Ethanol 699 
and treated with oxygen plasma for 60 s. The process cleans the surface from organic 700 
contaminants and makes the surface hydrophilic. The membranes were then (step 1) 701 
incubated with a 1% solution of APTES (3-aminopropyl-triethoxysilane) (Sigma) in pure 702 
methanol for 1 h, followed by rinsing for 15 min in pure methanol. The chip was blow-703 
dried under N2 and baked at 100 °C for 60 min in order to fix the silane monolayer 704 
(Wanunu and Meller, 2007). The exposed amines were cross-linked with sulfo-SMCC 705 
(sulphosuccinimidyl-4-(N-maleimidomethyl)-cyclohexane-1-carboxylate) (2 mg no-706 
weight capsules (Pierce)). Sulfo-SMCC has an amine-reactive NHS-ester and a maleimide 707 
group. A capsule of Sulfo-SMCC was dissolved in 1.5 ml PBS at  pH 7.4 and nanopores were 708 
incubated in sulfo-SMCC solution overnight. The nanopores were rinsed with PBS to 709 
wash-off free sulfo-SMCC. The Nsp1 WT and mutant were stored in 7.3M guanidinium HCl 710 
and buffer exchanged to PBS, pH 7.4 and both the Nsp1 and Nsp1-S-mutants were treated 711 
with 1mM TCEP for 30 mins to reactivate the SH-groups. The nanopores with maleimide 712 
were incubated with 120nM Nsp1 and Nsp1-S for 1 hr. The C-terminal cysteine covalently 713 
bonds with the maleimide group to form a self-assembled layer of Nsp1 or Nsp1-S-mutant 714 
on the nanopore surface. The proteins Nsp1, Nsp1-S, Kap95, and tCherry were purified by 715 
the methods described previously; for further details the reader is referred to ref (Frey, 716 
Richter and Görlich, 2006; Frey and Görlich, 2007).   717 
 718 
Grafting density estimates of Nsp1 and Nsp1-S 719 
We estimated the grafting density of the FG-Nups on the surface, and its importance for 720 
our results, in different ways: 721 
 722 
Estimate of the surface grafting density of the FG-Nups based on conductance 723 
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The idea of this approach is that one can estimate the number of, say, Nsp1 proteins that 724 
coat the pore from the drop in the conductance upon coating the pore, using the, 725 
independently measured, conductance blockade that is caused by a single protein as a 726 
reference. To pursue such an estimate, we translocated individual Nsp1 proteins through 727 
a bare pore (49 nm diameter) to estimate the ion blockade caused by a single Nsp1. The 728 
average conductance blockade of Nsp1 was found to be 0.54 ± 0.15 nS (cf. Figure 1-figure 729 
supplement 4A) with corresponding translocation times in the range of 0.1-5 ms. The 730 
average conductance blockade can be used to estimate the number of Nsp1 proteins that 731 
are blocking the ion flow through a nanopore of e.g. 48 nm size where the conductance 732 
dropped from 70 nS to 12 nS. This yields an estimate of 107 ± 32 for the number of Nsp1 733 
proteins for this 48 nm pore. Assuming that a cylindrical pore volume of π ∗ ሺʹͶnmሻଶ  ∗734  ʹͲ nm confined these proteins, this line of reasoning provides a grafting density of about 735 
1 Nsp1 per 28 ± 8 nm2 (107 Nsp1 proteins per pore surface area of ʹπ ∗ ʹͶ ∗ nm ∗736  ʹͲ nm ), resulting in a grafting distance of 5.7 ± 0.8 nm (assuming a close-packed 737 
triangular lattice). 738 
 739 
These numbers yield an estimated Nsp1 density of about 320 mg/ml (107 Nsp1 proteins, 740 
each with a molecular weight of 65.7 kDa, in the cylindrical pore volume of π ∗741 ሺʹͶnmሻଶ  ∗  ʹͲ nm). It is important to realize that this number is only a rough estimate 742 
based on a simplified geometry. For example, our MD simulations show that the Nps1 743 proteins Ǯspill outǯ out of the cylindrical nanopores such that an additional layer of Nspͳ 744 
is present above and below the nanopores, thus lowering the protein density in the 745 
cylindrical pore. Furthermore, the estimate neglects any intrinsic heterogeneities such as 746 
differences between the N-terminal part and C-terminal part of Nsp1. More accurate 747 




Similarly, in independent experiments, individual Nsp1-S proteins were translocated 751 
through a bare pore (49 nm) to estimate the conductance blockade by single Nsp1-S 752 
proteins. The average conductance blockade of Nsp1-S was found to be 0.34 ± 0.09 nS (cf. 753 
Figure 1-figure supplement 5A). From the average conductance blockade, we again 754 
estimate the number of Nsp1-S proteins that were blocking the ion flow through a 50 nm 755 
nanopore where the conductance dropped from 70.3 nS to 34.6 nS. This yields an estimate 756 
of 105 ± 30 for the number of Nsp1-S proteins for a 50 nm pore. Assuming that a 757 
cylindrical pore volume of π ∗ ሺʹͷ ∗ nmሻଶ  ∗  ʹͲ nm  confined these proteins, yields a 758 
surface coverage of about 1 Nsp1-S per 30 ± 8 nm2 and a grafting distance of 5.9 ± 0.8 nm 759 
(assuming a close-packed triangular lattice).   760 
 761 
Estimate of the surface grafting density of the FG-Nups based on QCM-D surface coating 762 
experiments 763 
An independent estimate of the grafting density can be obtained using QCM-D, a method 764 
that measures the accumulated mass upon coating a surface. The binding of FG-Nups 765 
through its C-terminal cysteine group to maleimide (Suflo-SMCC) on the surface was 766 
monitored versus time using QCM-D (QSense –QE401, Biolin Scientific AB, Sweden). The 767 
QCM-D shift upon exposure of Nspͳ ȋͳ μMȌ or Nspͳ-S ȋͳ μMȌ to the functionalized silicon 768 
nitride surface is shown in Figure 1-figure supplement 6. QCM-D measures the shift in 769 
resonance frequency Δf and the dissipation ΔD of the crystal due to the increased mass. 770 
The frequency shift was recorded for more than 5000 s, and no change in the frequency 771 
was observed upon flushing PBS to wash away any unbound proteins (flow rates 20 μ772 
l/min). The frequency shifts, Δf = 60 ± 5 Hz (N=3) for Nsp1 and Δf = 56 ± 15 Hz (N=3) 773 
for Nsp1-S, are, within errors, equal to each other. Ignoring dissipation, we can use the 774 
Sauerbrey relation Δm =  (C*p* Δf) [where p=3 is the crystal overtone, C = 17.7e-9 kg 775 
s/m2 at f = 5 MHz is the Sauerbrey constant, and Δm is the areal mass (kg/m2) that is 776 
added due to the protein coverage] to estimate the surface grafting distance as 5.6 ± 0.2 777 
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nm for Nsp1 and 5.8 ± 0.9 nm for Nsp1-S. The finite dissipation indicates some viscoelastic 778 
behavior in the adsorbed layers, and hence the mass will not couple 100% to the 779 
oscillatory motion of the sensor. Accordingly, the mass will be somewhat underestimated 780 
by the above calculation, which would make the numbers for the grafting densities 781 
slightly larger. Overall, however, we conclude that the surface coverage of Nsp1 and Nsp1-782 
S is very similar, as well as close to the estimates obtained from the conductance 783 
experiments. 784 
 785 
Estimate of the importance of the grafting density of the FG-Nups from MD simulations 786 
The translocation analysis and the QCM-D measurements show that the grafting density 787 
for Nsp1 and Nsp1-S are almost the same. We adopted an average value of 5.7 nm for the 788 
grafting distance for the MD simulations (see the section on Coarse-grained molecular 789 
dynamics simulations below) for both Nsp1 and Nsp1-S pores. We performed a sensitivity 790 
analysis for Nsp1-S, to probe how sensitive our results depend on the grafting density. 791 
Figure 1-figure supplement 7 depicts the density profiles of a 45 nm pore for grafting 792 
spacings 5.7 and 5.9 nm, showing that the density inside the pore only changes 793 
marginally. Using the density-based conductance relation (Eqn. 2) a conductance of 29.1± 794 
2.7 nS and 30.6± 2.8 nS results for the grafting distances of 5.7 nm and 5.9 nm, 795 
respectively, showing that also the effect on the conductance data is negligible.  796 
 797 
Coating the nanopores in the presence of Guanidine hydrochloride (3M).  798 
As a further confirmation that the grafting density of Nsp1 and Nsp1-S are similar, we 799 
coated the nanopores (~50 nm) with proteins in the presence of 3M Guanidine 800 
hydrochloride. Under these conditions both Nsp1 and Nsp1-S will be in the denatured 801 
state and one does not expect any FG-FG interaction to be relevant for Nsp1.  The pores 802 
were washed with PBS and the ionic conductance with measurement buffer. The bare 803 
pore conductance dropped from 78 nS to 16 nS after coating with Nsp1, which is about 804 
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80% conductance blockade. Interestingly, this is a similar conductance blockade 805 
observed in our measurements obtained in the normal assembly protocol. For the case of 806 
Nsp1-S, the bare pore conductance dropped from 82 nS to 45 nS, i.e. a conductance 807 
blocked of about 45% - again similar. These measurements confirm that the grafting of 808 
Nsp1 and Nsp1-S in the presence of 3M Guanidine hydrochloride was not different 809 
compared to coating in PBS  810 
 811 
Dynamic light scattering (DLS) measurement of the hydrodynamic diameter 812 
DLS measurements are performed in 70µl standard cuvettes from Brand GMBH® with a 813 
light path of 10mm. Both Nsp1 (1µM) and Nsp1-S (1µM) were treated with 5 mM 814 
dithiothreitol (DTT) for 30 minutes at room temperature to reduce cystine and to prevent 815 
formation of dimers. 1µM of Kap95 or tCherry, treated with 1mM of TCEP in PBS at pH 816 
7.4 for 30 minutes was used for DLS measurement. All the samples were measured in 817 
buffer containing 150 mM KCl, 10 mM Tris, and 1mM EDTA at pH 7.6. For the 818 
measurements, a Zetasizer Nano ZS (Malvern) was used at room temperature. DLS 819 
recordings (Supplementary file 1) were repeated at least three times for each protein and 820 
the result reported is the average over these recordings where errors represent the 821 
standard deviation.  Dynamic light scattering experiments were also performed under 822 
denatured conditions (6M Guanidinium hydrochloride) for both Nsp1 and Nsp1-S 823 
yielding hydrodynamic diameters of 19.2± 5.3 nm and 19.4± 6.6 nm respectively.  824 
  825 
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 826 
Coarse-grained molecular dynamics simulations 827 
The one-bead-per-amino-acid MD model used here accounts for the exact amino-acid 828 
sequence of the FG-nups, with each bead centered at the Cα positions of the polypeptide 829 
chain (Ghavami, van der Giessen and Onck, 2013; Ghavami et al., 2014).  The average mass 830 
of the beads is 120 Da. Each bond is represented by a stiff harmonic spring potential with 831 
a bond length of 0.38 nm.  The bending and torsion potentials for this model were 832 
extracted from the Ramachandran data of the coiled regions of protein structures 833 
(Ghavami, van der Giessen and Onck, 2013). Solvent molecules are not accounted for 834 
explicitly; we account for the solvent polarity and screening effect of ions through a 835 
modified Coulomb law. Solvent polarity is incorporated through a distance-dependent 836 
dielectric constant, and ionic screening is accounted for through Debye screening with a 837 
screening constant k = 1.27 nm-1 corresponding to a 150mM KCl solution. The 838 
hydrophobic interactions among the amino-acids are incorporated through a modified 839 
Lennard-Jones potential accounting for hydrophobicity scales of all 20 amino-acids 840 
through normalized experimental partition energy data renormalized in a range of 0 to 1. 841 
For details of the method and its parametrization, the reader is referred to ref. (Ghavami 842 
et al., 2014)  843 
 844 
MD simulations for the nanopores with diameters ranging from 22-60 nm were carried 845 
out using GROMACS 4.5.1. First, the systems were energy minimized to remove any 846 
overlap of the amino acid beads. Then all long-range forces were gradually switched on. 847 
The simulations were carried out for over 5x107 steps (with the first 5x106 steps ignored 848 
for extracting the end-result data), which was found to be long enough to have converged 849 
results in the density distribution inside the pores.  850 
 851 
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The time-averaged density calculations presented in the main text and supporting 852 
information (see Figure 2-figure supplement 1 and Figure 2-figure supplement 2) were 853 
carried out by centering the nanopore in a 100 nm x 100 nm x 140 nm box, which was 854 
divided into discrete cells of volume (0.5 nm)3 and the number density in each cell was 855 
recorded as a function of simulation time. Finally, the number density was averaged over 856 
the simulation time and multiplied with the mass of each bead to get the time-averaged 857 
3D density profile. The 3D density was averaged in the circumferential direction to obtain 858 
two-dimensional (2D) (r, z) density plots (as shown in Fig. 2C). Finally, the radial density 859 
distribution ߩሺ�ሻ  was obtained by averaging these 2D density maps in the vertical 860 
direction (as shown in Fig. 3A).  861 
 862 
To estimate the energy barrier for translocation of transport factors through the 863 
biomimetic NPC, we calculate potential–of-mean-force (PMF) curves along the transport 864 
channel of the nanopores using the umbrella sampling method (Ghavami, Van Der Giessen 865 
and Onck, 2016). In the current study, the cargo molecule is fixed at regularly spaced 866 
positions along the reaction coordinate (the central axis) of the pore by means of a 867 
harmonic spring. The spacing between the axial positions is chosen to be 1.3 nm and the 868 
spring constant is set to 10 kJ/nm2/mole. For each position, 2 different starting 869 
configurations of the proteins are used to obtain statistically meaningful results. CG 870 
molecular dynamics simulations were performed for each particle position and the spring 871 
extension was recorded. The obtained distance histograms were used to calculate the 872 
PMF curves through a weighted histogram analysis.  For further details on the umbrella 873 
sampling method, the reader is referred to ref. (Ghavami, Van Der Giessen and Onck, 874 
2016) 875 
 876 
Amino acid sequences of Nsp1 and Nsp1-S 877 




























Please note that there is an extra S at position 635 (underlined above) in Nsp1-S that is 879 
there due to an artefact introduced while designing the gene synthesis used for cloning 880 
the SG mutant. While nonideal, we are confident that – in comparison to the drastic 881 
changes made by mutating basically all hydrophobic sites to serines – the contribution of 882 
this one extra serine is negligible. 883 
 884 
Information on the tCherry control protein 885 
A tCherry protein was chosen as a good reference to Kap95 because of its similar size and 886 
because it is a hydrophilic cytosolic protein that is expected to be inert regarding the 887 
interactions with hydrophobic Nups. In our study, tCherry, a tetramer of mCherry, was 888 
created by restoring the original tetramerization interface of DsRed (a tetrameric parent 889 
of mCherry) into mCherry (which originally was intended to be a monomeric derivative 890 
of DsRed). This operation results in a constitutively tetrameric protein with fluorescent 891 
properties similar to mCherry. According to our data, the protein is very hydrophilic, inert 892 
and – in contrast to DsRed itself – very well behaved.  893 
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Figure 1-figure supplement 1: Self-assembled monolayer surface chemistry for 1068 
covalently attaching Nsp1 and Nsp1-S to Silicon Nitride membrane.  The APTES layer was 1069 
used as a primary monolayer through silanization. Next, the NHS-ester with a maleimide 1070 
reactive group (Sulfo-SMCC) was coupled to the APTES monolayer. The exposed 1071 
maleimide functioned as a binding group to C-terminal cysteine.  1072 
Figure 1-figure supplement 2: Current power spectral density of a bare pore and 1073 
nanopores coated with Nsp1 and Nsp1-S, versus frequency. From the spectrum of the 1074 
Nsp1 pore it is evident that the 1/f noise increases drastically compared to the bare pore 1075 
(Smeets et al., 2008).  This is a clear indication of the fluctuations of Nsp1. A similar trend 1076 
is observed for Nsp1-S coated pores. 1077 
 1078 
Figure 1-figure supplement 3: Transmission electron microscopy (TEM) images of bare 1079 
and Nsp1-coated pores. A, B 30 nm pores and C,D 50 nm pore before and after Nsp1 1080 
coating respectively. While these images of dried pores do not necessarily represent the 1081 
intrinsic mass distribution, they serve to deduce the presence of Nsp1 in both B and D. 1082 
These TEM images show a higher density of Nsp1 in the 30 nm nanopores, which is in 1083 
agreement with the conductance measurement with nanopore.  1084 
 1085 
Figure 1-figure supplement 4:  Histogram of the conductance of individual Nsp1 1086 
molecules translocating through a  bare pore, and the associated scatter plot of 1087 
conductance versus translocation time. 1088 
 1089 
Figure 1-figure supplement 5:  Histogram of the conductance of individual Nsp1-S 1090 
molecules translocating through a  bare pore, and the associated scatter plot of 1091 
conductance versus translocation time. 1092 
 1093 
Figure 1-figure supplement 6: Example QCM-D traces for the surface functionalization 1094 
of Nsp1 (A) and Nsp1-S  (B) on silicon nitride coated with APTES and Sulfo-SMCC. 1095 
 1096 
Figure 1-figure supplement 7: Average protein densities of a Nsp1-S coated solid-state 1097 
nanopore of diameter 45 nm with grafting distance 5.7 nm (green) and 5.9 nm (red). 1098 
 1099 
Figure 2-figure supplement 1: Top: The configuration of Nspͳ consists of a Ǯcollapsed 1100 coilǯ head ȋin blueȌ and a Ǯextended coilǯ stalk region ȋmulti-colored; each color 1101 
represents a different amino acid). Bottom: Two-dimensional r-z density distribution of 1102 
the mass density of the head-region (1-172) of Nsp1, for nanopores with diameters 22 1103 
 44 
nm, 45 nm and 60 nm (first row). The second row shows the same pores but coated with 1104 
the Nsp1-S mutant. These data show the much more center-pore localized mass density 1105 
for the wildtype Nsp1 compared to the Nsp1 mutant.  1106 
 1107 
Figure 2-figure supplement 2: Simulation results for the density distribution in Nup98-1108 
coated biomimetic pores. Top panel: Two-dimensional r-z density distribution of Nup98-1109 
coated pores with diameters 22 nm, 45 nm, and 65 nm. Bottom panel: the corresponding 1110 
radial density distributions. All data are taken within the height of the cylinder (20 nm; -1111 
10 nm < z < 10 nm) that is divided into 20 equally spaced discs of thickness 1 nm each. 1112 
Each of the 20 curves represented in each panel shows the radial density distribution for 1113 
that specific z location. 1114 
 1115 
Figure 3-figure supplement 1: The conductivity in the pore region (�୮୭୰eሻ and access 1116 
region (�ୟୡୡeୱୱሻ for the simulated nanopores lined with Nsp1 (blue circles; panel A) and 1117 
Nsp1-S (green circles; panel B) plotted as a function of pore diameter. For �୮୭୰e the 1118 
density distribution is integrated over the pore region |z| < 10 nm according to Eq. 3 in 1119 
the main text. For the conductivity in the access region �ୟୡୡeୱୱ the density distribution in 1120 
the range 10 nm < |z| < 40 nm is considered, as the l/d  ratio for the nanopore is 1121 
comparable to 1.5 (Hyun, Rollings and Li, 2012). These serve as input to the conductance 1122 
relation G(d) in Eq. 2 of the main text. The solid lines are sigmoidal fits to the data. The 1123 
sigmoid function is of the form ܵሺ�ሻ = ݀ + (ሺ−݀ሻ (ͳ + ሺ� ܿ⁄ ሻ௕)⁄ ). The R2 values of �୮୭୰e 1124 
and �ୟୡୡeୱୱ are 0.85, 0.96 in Nsp1 and 0.98, 0.99 for Nsp1-S.  1125 
 1126 
Figure 3-figure supplement 2: A. Based on the radial density distributions ߩሺ�ሻ of the 1127 
Nup98 pore (Figure 2-figure supplement 2, bottom row), we calculated the pore 1128 
conductivities �୮୭୰e and �ୟୡୡeୱୱ (black circles) for each diameter using Eq. 3 of the main 1129 
text, with ߩ௖���=85 mg/ml as fitted to the Nsp1 and Nsp1-S data. For the access region the 1130 
density distribution in the range 10 nm < |z| < 40 nm is considered, as the l/d  ratio for 1131 
the nanopore is comparable to 1.5 (Hyun, Rollings and Li, 2012). The solid lines are 1132 
sigmoidal fits to the data. The sigmoid function is of the form ܵሺ�ሻ = ݀ +1133 (ሺ−݀ሻ (ͳ + ሺ� ܿ⁄ ሻ௕)⁄ ). The R2 values of �୮୭୰e  and �ୟୡୡeୱୱ  are both equal to 0.99. B. The 1134 
conductance G of the Nup98-coated pores (black) and bare pores (red) plotted as a 1135 
function of the pore diameter. The open squares represent experimental data (Kowalczyk 1136 
et al., 2011), while the closed circles represent the results of the MD simulations. The solid 1137 
lines are predictions of the conductance relation that describes the conductance G as a 1138 
function of diameter d for the bare pore (red, see Eq. 1 in the main text with l = 20 nm), 1139 
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resulting in a fitted value of �ୠୟ୰e = 2.13 ± 0.05 nS/nm (with an R2 value of 0.93). The 1140 
conductivity results from panel A ( �୮୭୰e  and �ୟୡୡeୱୱሻ are taken as input for the 1141 
conductance relation of Eq. 2 resulting in the solid black line for the Nup98-coated pores 1142 
in panel B, showing excellent agreement with the experiments (R2=0.93). 1143 
 1144 
Figure 3-figure supplement 3: Computed conductance vs the experimentally measured 1145 
conductance, for A: Nsp1 (blue circles) and Nsp1-S (green circles), and B: Nup98 (black 1146 
circles). The solid lines have a slope of 1, representing a perfect match between 1147 
experiment and model.  1148 
 1149 
Figure 3-figure supplement 4: Conductance as a function of pore diameter below 40 nm.  1150 
The conductance change is plotted versus the diameter of Nsp1 coated pores. The 1151 
measured conductance of the NPC falls in the range of 0.3-2 nS for monovalent salt 1152 
(Bustamante, Hanover and Liepins, 1995; Tonini et al., 1999), which is comparable to the 1153 
values measured here (0.2 – 4 nS) for pore sizes in the range from 5 to 40 nm.  1154 
 1155 
Figure 5-figure supplement 1: Stable baseline conductance and increase of the event 1156 
rate with Kap95 concentration for an Nsp1-coated pore. These experiments were carried 1157 
out on Nsp1-coated pores with a varying Kap95 concentration in the buffer. A. Baseline 1158 
ionic conductance versus Kap95 concentration. Triangles and diamonds denote two 1159 
independent measurements performed on two different pores. The pore diameter was 1160 
49±1nm. The solid line denotes the average conductance of 16 nS. Notably, these data 1161 
show that the baseline conductance does not vary with increasing Kap95 concentration, 1162 
in contrast to what would be expected if large numbers of Kap95 would accumulate 1163 
within the pore.(Lim and Kapinos, 2015; Kapinos et al., 2017). B. Event frequency versus 1164 
Kap95 concentration. Blue and red data markers denote two independent measurements 1165 
performed on two different pores. The solid line denotes a  linear fit (R2= 0.89) to all data 1166 
points. The event frequency measured for single Kap95 translocations through a Nsp1-1167 
coated pore exhibits a (trivial) linear increase of the event rate, as more Kap95 proteins 1168 
traverse the pore for higher concentrations.   1169 
   1170 
Figure 5-figure supplement 2: Event frequency versus diameter for Kap95 and tCherry 1171 
through Nsp1-S coated nanopores.  The event frequencies are averaged over different 1172 
pores (n=3). The error bars indicate standard deviations. A black cross is shown when no 1173 
translocation events could be measured (e.g. because the nanopore clogged upon addition 1174 
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of Kap95 or tCherry). No clear differences in selectivity are observed between the smaller 1175 
and larger pores 1176 
 1177 
Figure 5-figure supplement 3: Experimental event rate �଴ versus the computed energy 1178 
barrier ∆�, for tCherry and Kap95 in Nsp1 and Nsp1-S pores. The data points are plotted 1179 
as black circles and fitted using the Arrhenius relation (see Eq. 4 in the main text). From 1180 
the fitting we obtain  �଴ = 16.4 Hz with an R2 value of 0.96. 1181 
 1182 
SI Movie 1. A short trajectory of a coarse-grained one-bead-per-amino-acid molecular 1183 
dynamics simulation of a biomimetic nanopore with a diameter of 45 nm coated with 1184 
Nsp1, corresponding to Fig. 2C (top row) of the main manuscript. Only half the simulation 1185 
box is shown for better visibility. The movie is prepared with the Visual Molecular 1186 
Dynamics (VMD) software. 1187 
 1188 
SI Movie 2. A short trajectory of a coarse-grained one-bead-per-amino-acid molecular 1189 
dynamics simulation of a biomimetic nanopore with a diameter of 45 nm coated with the 1190 
mutant Nsp1-S, corresponding to Fig. 2C (bottom row) of the main manuscript. Only half 1191 
the simulation box is shown for better visibility The movie is prepared with the Visual 1192 
Molecular Dynamics (VMD) software. 1193 
 1194 
SI Movie 3. A short trajectory of a coarse-grained one-bead-per-amino-acid molecular 1195 
dynamics simulation of an isolated Nsp1. The cohesive head group at the N-terminus is 1196 
located at the right. The movie is prepared with the Visual Molecular Dynamics (VMD) 1197 
software. 1198 
 1199 
SI Movie 4. A short trajectory of a coarse-grained one-bead-per-amino-acid molecular 1200 
dynamics simulation of an isolated mutant Nsp1-S. The C-terminus is located at the top. 1201 
The movie is prepared with the Visual Molecular Dynamics (VMD) software. 1202 
 1203 
Supplementary file 1. Measured hydrodynamic diameters (nm) of proteins from 1204 
dynamic light scattering (DLS) experiment. 1205 
 1206 
Supplementary file 2. Molecular characteristics of Nsp1 (see SI movie 3), Nsp1-S (see SI 1207 
movie 4) and Nup98 and the computed Stokes radii (in isolation). 1208 
 1209 
















